Objective: Existing screening tools for HIV-Associated Neurocognitive Disorders (HAND) may lack the accuracy required for clinical use. We hypothesized that the diagnostic accuracy of the Montreal Cognitive Assessment (MoCA) as a screening tool for HAND might be improved with a stronger scoring methodology.
Introduction
The prevalence of HIV-Associated Neurocognitive Disorder (HAND) in adults is estimated to range from 30 to 50% [1] [2] [3] [4] . These neurocognitive deficits can lead to meaningful changes in everyday life, compromising occupational function and medication adherence [5] [6] [7] [8] . Accurate diagnosis of HAND according to consensus Frascati criteria requires neuropsychological testing [9] . However, neuropsychological evaluation is not readily available in the majority of settings in which patients receive their care. One strategy to overcome this problem is to administer a brief screening tool to identify those who would benefit from full diagnostic evaluation. However, existing screening tools have poor diagnostic accuracy compared with the consensus criteria, with relatively high sensitivity coming only at the expense of low specificity [3, [10] [11] [12] . For example, in one recent study, the four-item HIV Dementia Scale, with a cut off 14 or less (out of 16), had a sensitivity ranging from 83 to 88% and specificity ranging from 63 to 76% [3] .
HIV-specific cognitive screening tests were initially developed to detect dementia rather than the mild impairment that is of increasing concern. Recent work has focused on the potential of generic screening tests to identify milder cognitive impairment. The Montreal Cognitive Assessment (MoCA), a quick and free tool developed to screen for mild cognitive impairment in geriatric populations [13, 14] , has been studied in this regard. When the threshold for classifying impairment was set very high ( 27/30), the sensitivity to HAND was 90%, but this was associated with unacceptably low specificity (43%) [15] . When the threshold for impairment was lowered ( 23/30), fewer people with HAND were detected (sensitivity 38%) but more of the cognitively normal individuals were correctly classified (specificity 95%). No threshold yielded an overall diagnostic accuracy of at least 70%, considered acceptable for clinical use [16] .
The MoCA has reasonable face validity for HAND, with items testing a broad range of cognitive domains that are commonly affected in this condition, including memory, attention and frontal-executive functions [1] . Given this apparent validity, its reported accuracy is disappointingly low. One possibility is that MoCA items are appropriate, but the method of assigning an overall score is suboptimal. Although summing items to reach a total score has intuitive appeal, in fact this does not yield a true 'quantity' that relates in a systematic, mathematical way to cognitive ability [17] . Modern measurement theory, Rasch Measurement Theory in particular, provides an evidence base for the extent to which a set of items form a real measure of a single construct (in this case, cognition), the relationship of individual items to each other and an estimate of the 'distance' between items, allow the mathematical quantification of the construct [18] . We recently showed in a convenience sample of HIV-positive individuals [19] that the items of the MoCA fit the Rasch model creating a linear scoring system.
In the current study, we extend the analysis to test whether the diagnostic accuracy for HAND of the MoCA might be improved with a scoring methodology that produces linearized units of cognitive ability, a scoring feature of true 'measures'. We first undertook to replicate our prior finding that MoCA items could yield a meaningful 'quantity' of cognition in a new sample gathered in a tertiary-care HIV clinic setting in the United States. We then examined the relationship of cognitive ability quantified with this novel, Raschinformed measure against gold standard diagnostic classification based on neuropsychological testing [15] .
Methods

Study population
The study from which the data are derived has been described elsewhere [15] . Briefly, 200 HIV-infected participants aged 18-65 years, without confounding neurological or psychiatric conditions, recent AIDSdefining opportunistic infection or active substance abuse were recruited from the outpatient Infectious Disease Clinic at Washington University in St. Louis (WUSTL). At the same testing session, each participant completed the MoCA as well as a battery of neuropsychological tests: Timed Gait, Grooved Pegboard (motor skills); Hopkins Verbal Learning Test Revised (memory-learning and recall); Trail A, CalCAP choice and sequential reaction times, Symbol Digit, Stroop colour and words (speed of information processing); Trail B, Stroop Interference (executive functions). The Human Research Protection Office at WUSTL approved the study; written informed consent was obtained from all participants.
Measures
According to the 2007 Frascati definition, HAND comprises three distinct conditions: asymptomatic neurocognitive impairment (ANI), mild neurocognitive disorder (MND) and HIV-associated dementia (HAD). These conditions are defined by two parameters: performance on neuropsychological testing and functional impairment [9] . In this study, no documentation of functional impairment was acquired, so it was not possible to distinguish between the three categories. Therefore, the primary analysis used a two-category variable, normal or impaired, with the impaired category (performance !1.0 SD below appropriate norms in two or more domains) encompassing all three HAND categories.
Raw scores from each test were standardized using demographic (age, sex, race, education) adjusted normative means [1] and a standardized z-score was calculated. Timed Gait was excluded from the determination of neuropsychological impairment. Although its inclusion is permitted by the Frascati classification, performance was abnormal (!1 SD below norms) in 62% of the participants, inflating the number of participants meeting HAND criteria, despite being of questionable relevance to a diagnosis of cognitive impairment. This analysis used a slightly different neuropsychological scoring method than the previously published report from the same sample [15] , selecting the test scores suggested by Woods [20] whenever applicable; this approach has been shown to improve inter-rater reliability. This led to a small subset of patients being re-classified compared with the previously reported study [15] . An analysis carried out with the previously reported classification showed very similar results. For simplicity, we report here only the more reliable classification.
Two secondary analyses were performed. In the first analysis, as suggested by Gisslen, we modified the cut-off that defines impairment to performance 1.5 SD or more below norms [20] . In a second analysis, the impaired group was split into 'mild impairment' (1.0 SD or more below norms in two or more domains) and 'severe impairment' (2.0 SD or more below norms in two or more domains), following the neuropsychological test classification of the Frascati criteria. Sufficient data were available for most participants to also calculate a widely used summary score, the NPZ-8 [21] , by averaging performance on eight NP tasks.
Data analysis
Rasch analysis was carried out. Items were assessed for fit to the underlying model. People and items are aligned on the same scale, such that more difficult items are passed by fewer individuals and those individuals are the ones who have successfully answered more of the questions. The end result is a set of items representing a unidimensional construct, with responses on the items arranged hierarchically along a calibrated scale. Applied here, Rasch analysis transforms the ordinal MoCA score into a quantitative score, producing a 'measure' in the strict, quantitative sense. Units on this calibrated scale are in logits with a mean of 0 (probability of passing is 50%) and a SD of 1. Items that most people can pass are easy items and people who cannot pass them have less ability; items that few people pass are harder items and people who pass them have more ability. In the current analysis, higher logit scores represent better cognitive ability. Rasch analysis was performed using RUMM 2030.
To test the diagnostic accuracy of the MoCA scored according to published guidelines and this novel, quantitative MoCA scoring, sensitivity and specificity were calculated for each observed value against the presence or absence of HAND (i.e. normal or impaired). A Receiver Operator Characteristic (ROC) curve and cstatistic (the probability of predicting an outcome, considered reasonable when higher than 0.7 and excellent when higher than 0.8) were generated to establish the diagnostic accuracy of both MoCA scores. Standard metrics for comparing measurement properties of the two MoCA scoring systems were also calculated including coefficient of variation, percentage at ceiling and kurtosis (deviation from normal distribution).
Results
Characteristics of the sample were as follows: mean age (SD) 43 (11) years old, 72% were men, 67% AfricanAmericans, mean (SD) educational level was 13(3) years. All participants were virologically suppressed on HAART (<400 copies/ml). The median (IQR) baseline and nadir CD4 counts (cells/ml) were 538 (361-695) and 191 (70-300), respectively. Baseline characteristics are described in more detail in [15] . Of the 200 participants, full neuropsychological results to calculate the NPZ-8 were available in 193, and a Rasch MoCA score could be calculated in 198 people. Based on neuropsychological test results, 74% met criteria for a diagnosis of HAND (ANI, MND and HAD combined).
Rasch analysis of the Montreal Cognitive Assessment items
A step-by-step process was followed to determine which MoCA items fit a single measure, to estimate their position in this measure, and to compare measurement features with the standard MoCA. Our prior work showed that scoring of both the clock and cube items on the MoCA may vary by rater. To avoid this potential problem, these items were all re-scored by a single rater. The repetition of five words and delayed memory for the words based on cued recall or multiple-choice formats are not scored in the standard MoCA. We created four new items (repeat 1, repeat 2, recall with category cue, and recall multiple choice) to determine if this additional information improved the measure.
In the first step of the Rasch analysis, the 'City' item was deleted as an extreme item (i.e. was answered correctly by all respondents, and therefore does not contribute to measurement). In the next step, all multiple responsecategory items (serial 7s, repeat and recall) with disordered thresholds were rescored taking into account the item's category probability curve. Recall with category cue was considered to be a misfitting item (fit residual < À2.5) and was eliminated from the data set. The Lion naming item showed a high residual correlation with responses on Date and Month (0.72), which means that a correct response to one of these items is associated with an increased likelihood of succeeding on the other item; this violates one of the rules of Rasch measurement, namely that items must be independent from one another. After excluding both Date and Month from the model, no other significant dependency was observed.
Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved. Unidimensionality of the model was confirmed, as no components of the Principal Component Analysis (PCA) of the residuals accounted for more than 8% of the total variance (acceptable level usually set as < 10%). The Person Separation Index (PSI) of 0.68 for this quantitative MoCA scoring indicated that the power to discriminate among the patients with different levels of cognitive ability is relatively low (with 0.70 and 0.80 considered respectively acceptable and good). Finally, we examined all the items for differential item function (DIF), selecting consecutively one of four person factors: age ( 45/ > 45 years), race (Caucasian/African-American), sex (male/female), and education ( 12/ > 12 years). The Watch/Ruler abstraction item had uniform DIF for the sex and age factors; men and individuals more than 45 years performed better on this item in each of the three class intervals. Nonuniform DIF was found on Watch/Ruler abstraction (race factor), Recall Multiple (age factor), Trail (race factor) and Drawing the Hands of the Clock (sex factor). Neither splitting by DIF analysis (for Watch/Ruler abstraction), nor deleting items with nonuniform DIF improved model fit statistics or PSI, so these items were retained. Overall fit to the Rasch model was good, with a nonsignificant x 2 probability value (P ¼ 0.43). Figure 1 shows the distribution of people (upper part) and items (lower part) along the spectrum of global cognitive ability. The quantitative MoCA items cover a broad range of the construct of cognitive ability, ranging from À3.74 (Place-easiest item) to þ3.20 logits (free recall of all 5 words-most difficult item). A considerable difference in the mean locations for persons (2.382 AE 1.039 logits) and for items (0.00 AE 1.77 logits) suggests that the quantitative MoCA is too easy for the persons who underwent testing, despite the fact that they had on average only 13 years of education. Six individuals had a perfect score on the Rasch MoCA scoring (3% ceiling effect), compared with 10 (5%) on the standard MoCA scoring. Information Fig. 1 . Distribution of patients and item thresholds along the spectrum of cognitive ability. The hierarchy of cognitive ability is spread out along the x-axis, with 0 anchored to the test item of middle difficulty (50% chance of success on this item), easier items spreading to the left and more difficult items to the right. Bars descending below the x-axis show the number of items thresholds representing each level of cognitive ability. Bars ascending above the x-axis represent the frequency of people at each level of cognitive ability. Mean score on the quantitative MoCA (SD) is indicated on the top left part of the graph. The line plotted above the x-axis reflects the precision of measurement that can be obtained at each point along the continuum of cognitive ability. Here, best precision is obtained at a level much below the mean ability of the people, indicating that the items are too easy. Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
Measurement characteristics
in Fig. 2a . We expected to see very little overlap of the two curves, consistent with distinct categories. On the contrary, substantial overlap was present with many individuals meeting criteria for HAND having better scores on the quantitative MoCA than many classified as normal. To assess whether this unexpected finding was specific to the MoCA, we also plotted the distribution of NPZ-8 scores for these two diagnostic categories (Fig. 2b) . A similar degree of overlap across categories was again seen. This overlap was not resolved by modifying the cut-off that defines impairment to 1.5 SD or more below norms rather than 1 SD (Fig. 2c and 2d ).
We next asked whether the discrimination between groups would be better if we compared the normal group and the severely impaired group only. We repeated the analysis, splitting the impaired into two groups: mild impairment [performance 1.0 SD or more below norms in two or more domains; N ¼ 83 (42% of the whole sample)] and severe impairment [performance 2.0 SD or more below norms in two or more domains; N ¼ 66 (33%)]. Significant overlap remained evident in the distribution of the quantitative MoCA (Fig. 2e) and the NPZ-8 scores (Fig. 2f) for these three groups. To confirm that the overlap in NPZ-8 was not driven by the Timed Gait score, which was included in the NPZ-8 but not used in the diagnostic classification, we repeated all analyses excluding the Timed Gait from the composite NPZ score. The degree of overlap did not change (data not shown). Hence, there is a sub-optimal relationship at the individual level between Frascati-defined categories and cognitive ability indexed by either the NPZ-8 or the quantitative MoCA.
Nonetheless, we constructed an ROC curve to evaluate the performance of the quantitative MoCA as a screening test for HAND (Fig. 3 ). For comparison with the standard MoCA scoring, we also included a curve for the cut-off with the highest accuracy (see Table 2 and Fig. 3 ). Evaluation using the ROC curve established that the optimal cut-off score on the quantitative MoCA for differentiating those meeting criteria for HAND from normal was 2.82 logits, which yielded a sensitivity of 0.74 and specificity 0.68. The predictive value of a positive test (PPV) on the quantitative MoCA was 0.87, the negative predictive value (NPV) was 0.47 and overall accuracy 0.79 (95% CI: 0.73-0.85). The ROC curves also show that, for a specific level of sensitivity, the quantitative MoCA scoring results in a higher specificity than the standard MoCA scoring. For example, when sensitivity was 0.49 for both scoring algorithms, the specificity for the standard MoCA was 0.86 and for the quantitative MoCA was 0.90; when sensitivity was 0.72 for both measures, specificity was 0.57 and 0.68, respectively.
Discussion
This study confirmed that Rasch analysis can provide an improved scoring algorithm for MoCA items, yielding a quantitative measure of cognitive ability with better measurement properties than the standard, ordinalMoCA score. We show that there is a consistent relationship between MoCA items assessing a variety of cognitive domains (memory, attention, etc.), allowing them to be ordered by level of difficulty to produce a single, rulerlike measure of cognitive ability. This finding in a sample drawn from an inner-city US clinic replicates our prior results in a demographically different Canadian sample, supporting the potential generalizability of this approach [19] . However, as in our initial study, we observed that MoCA items were sub-optimally targeted to the individuals being tested, with too few items of sufficient difficulty to measure the full spectrum of cognitive ability.
Can the quantitative MoCA score be used to screen for HAND? The optimal cut-off score yielded an accuracy of 0.79 (95% CI: 0.73-0.85) for predicting HAND, which is an improvement over that obtained using the standard Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
than people classified as normal. A similar pattern was seen within the HAND group, split by neuropsychological-defined severity of impairment. This overlap is not restricted to the quantitative MoCA: similar discordance was found between diagnostic categories and cognition as indexed by the NPZ-8.
This discordance arises from an important difference in the approaches taken for diagnosis of neurocognitive disorders on the one hand, and for measurement of cognition on the other. For the purpose of diagnostic classification, expert consensus established that, in light of the evidence currently available, cognitive impairment is best defined by abnormal performance on neuropsychological testing in two or more domains [9] . In contrast, the measurement approach, often applied in intervention trials and illustrated here by the NPZ-8, includes performance on all items, normal or impaired, aiming to capture 'global' cognitive performance; the MoCA uses a similar approach. Here, we found that diagnostic and measurement approaches do not align very well. Given the different scoring algorithms, this finding is not unexpected [22] ; however, it suggests that it may be difficult to develop new screening tools for HAND that further improve diagnostic accuracy when the total score on such tools is obtained by adding the score of individual items, or when the items can be considered unidimensional rather than reflecting multiple, independent domains.
The Rasch approach we applied here to the MoCA items empirically determines which items can be combined to produce a single measure, and the 'distance' in level of difficulty between items. The calibrated score thus derived is a measure of a unidimensional construct, cognitive ability. This approach has major advantages for interpreting scores cross-sectionally (the same score means the same level of ability, which is not necessarily true for the standard MoCA), and for interpreting changes over time (a similar change in score represents the same quantity of cognitive ability irrespective of the starting point). Although the MoCA items need to be supplemented with more difficult items (such as measures of reaction times) for optimal measurement in this population, this can be accomplished without increasing test burden:The Rasch framework sets the stage for adaptive testing in which as few as eight items, selected from a larger item bank, are administered to a given person, based on their particular level of ability, without sacrificing measurement precision. The possibility of identifying meaningful change (or stability) in cognitive ability over time with a brief instrument could have important impact in many clinical settings.
Our study has limitations. First, the absence of information on functional impact of cognitive difficulties prevents full diagnostic classification. However, our conclusions do not hinge on these diagnostic distinctions. Second, although we use the term 'gold standard' to describe the neuropsychological testing here, in fact neuropsychological batteries vary across studies. The battery administered here is one that is commonly used. However, selection of different tests, a different number of tests, use of different norms or replication in a different population could lead to different results. This issue is not so much a limitation of our study, but rather a central problem for the current diagnostic approach.
Should clinicians use the diagnostic approach or the measurement approach? This depends on their goals. We suspect that in many clinical settings, a brief measure to track cognitive ability over time may be particularly useful, as deterioration could be identified before performance reaches the threshold of impairment in two domains required for HAND classification. This could be of particular importance in individuals with high premorbid cognitive ability, when significant decline needs to occur before reaching the impaired range. In addition, a focus on trajectory avoids the potential misclassification that can result from interpretation of neuropsychological testing in the absence of suitable norms [23] , as is often the case in multicultural contexts. Of course, the goals of diagnosis and measurement are not mutually exclusive.
In conclusion, it is possible to develop a better screening method for HAND by applying Rasch Measurement Theory to the MoCA items. However, we should not be satisfied with this result in isolation. Lack of access to neuropsychological testing required for diagnostic Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
confirmation in those who screen positive currently constitutes a major impediment to the effective management of cognitive difficulties. This problem will not be solved by the availability of a better screening tool. Rasch analysis of MoCA items yields a quantitative score; application of this approach could lead to the development of measurement tools that we believe will be a breakthrough for clinical care. Such tools probably will not align with the current diagnostic classification: as this is not their aim, this should not be seen as a pitfall. A better screening tool for HAND may not be what is more urgently needed. Alternative approaches to the identification of cognitive decline that can be easily transferred to the clinic setting, such as the one we propose, merit further exploration.
